Gene therapy for cancer requires efficient, selective gene transfer to cancer cells. In gene therapy for hepatocellular carcinoma ( HCC ) , gene transfer is efficient for small tumors, but not for large tumors. The delivery of anticancer agents and of iodized oil esters as embolic agents through tumor -feeding arteries is known as transarterial embolization. We speculate that genes may be efficiently and selectively transferred for HCC using iodized oil esters because these esters may remain together with a genetic vector within HCC selectively. Hence, we have studied the effect of iodized oil esters on adenovirus vector -mediated gene transfer for HCC in vivo. A rat model of HCC induced with diethylnitrosamine and phenobarbital was injected with either AxCALacZ, which expresses the -galactosidase of Escherichia coli, or AxCALacZ and iodized oil esters into the hepatic artery. Histological comparisons revealed that the -galactosidase expression in the rats with HCC injected with AxCALacZ and iodized oil esters was greater ( P < .0001 ) in small tumors ( P = .0046 ) and large tumors ( P = .0023 ) , and more selective ( P = .0229 ) than in only AxCALacZinjected rats. These results suggest that iodized oil esters are injected into hepatic artery together with adenovirus vector, and that genes may be efficiently and cancer -selectively transferred to HCC. Cancer Gene Therapy ( 2001 ) 8, 713 -718 
A round the world, hepatocellular carcinoma ( HCC ) is one of the most common cancers, 1,2 and current treatments for HCC, including resection, chemotherapy, radiation and transplantation, are effective for some cases. However, none of these therapies is completely effective for multiple tumors involving both lobes. Therefore, much effort is now being directed toward developing alternative and additional therapies, including gene therapy, for HCC. Nevertheless, gene therapy could not be effective in HCC because the efficiency of gene transfer in hepatic tumor tissue and the cancer selectivity are not sufficient, especially in large tumors. 3, 4 HCC has often been studied because of its unusual blood flow. 2 Unlike normal hepatocytes, which receive blood from both the hepatic artery and the portal vein, the cells of HCC receive 80 -100% of their blood supply from the hepatic artery. 5 In view of this characteristic of HCC, the efficiency and cancer selectivity of anticancer agents are increased by injection of anticancer agents and embolic agents through the hepatic artery, which feeds the HCC -a technique known as transarterial embolization ( TAE ). The mixture of ethyl esters of iodinated poppy seed oil fatty acids (Lipiodol Ultra -Fluide; Laboratorie Guerbert, Paris, France ) is used in TAE as an embolic agent. When these mixed iodized oil esters are injected through the feeding artery of an HCC tumor together with anticancer agents, they remain within the neovascular space of the HCC and exert more efficient and cancer-selective antitumoral effects.
6 -8 Therefore, we believe that iodized oil esters, when injected with adenovirus vector, have a high adjuvant effect in achieving efficient and cancer-selective gene transfer to HCC.
In this study, we used an adenovirus vector because of reports that such vectors can efficiently deliver a gene to HCC, 9 -13 and have been selected for many ongoing and proposed human gene therapy trials. 14 -18 We therefore speculate that injection of adenovirus vector, together with iodized oil esters through the tumor-feeding artery, might cause the virus vector to remain longer within the HCC and to efficiently deliver a gene to the tumor, and might prevent delivery of the gene to nontumor tissue. We plan to use this method to increase the gene transfer efficiency and cancer selectivity of gene therapy for HCC. Therefore, we studied the effects of iodized oil esters on adenovirus vector -mediated gene transfer to HCC using adenovirus vector, AxCALacZ, expressing Escherichia coli -galactosidase ( -gal ) in vivo. We injected AxCALacZ either with iodized oil esters or without into the hepatic artery of rats with HCC induced by diethylnitrosamine and phenobarbital. This HCC model was selected because its blood supply resembles that of human HCC. 19, 20 We then compared the efficiency and cancer selectivity of gene transfer by both methods.
MATERIALS AND METHODS

Drugs
The ethyl esters of iodinated poppy seed oil fatty acids ( Lipiodol Ultra -Fluide; Laboratorie Guerbert; obtained through Mitsui Pharmaceuticals, Tokyo, Japan ) are a mixture of fatty acid ethyl esters containing 38% iodine and a lipid lymph graphic oil -based agent. The mixture was stored at room temperature in the dark until use.
Recombinant adenovirus vector
The replication -defective recombinant adenovirus vector, AxCALacZ, expressing the E. coli -gal gene, was a gift from Dr. Saito (Institute of Medical Science, University of Tokyo, Tokyo, Japan ) . 21, 22 The recombinant adenovirus vector was generated from adenovirus type 5, and the E1 and E3 regions were deleted to prevent virus replication. Thegal gene was driven by the cytomegalovirus-enhancer chicken -actin hybrid promoter (CAG promoter ) 23 and a rabbit -globin poly (A ) signal located downstream from the gene. The recombinant adenovirus vector was purified by two rounds of CsCl centrifugation and titered. 24 In this study, we used the adenovirus vector at concentrations of 2.0Â10 8 -2.0Â10 10 pfu /mL. After purification, the adenovirus vector was stored at À 808C until use.
Induction of HCC
Male Wistar rats ( 6 weeks old, 180 g ) were housed in plastic cages with paper chip bedding ( Alpha -dri; Shepherd Specialty Papers, Michigan, USA ) in a biological cabinet at the Laboratory Animal Facilities of the Jikei University School of Medicine. The animals were maintained during the experiment on a 12-hour light -dark cycle at a temperature of 22± 28C and 55 ±5% humidity in a room with a filtered air supply. An acclimation period of 4 days was allowed. The weights of the rats were recorded every week. The rats received 10 mg /kg /day of diethylnitrosamine (DENA ) ( Sigma Chemical, St. Louis, MO, USA ) and 50 mg /kg /day of phenobarbital (Wako Pure Chemical Industries, Osaka, Japan ) in drinking water for 16 weeks.
At the end of the induction period, five rats were sacrificed to check for tumor formation. Tumors were found only in the liver, where there were multiple tumor nodules in each of the five rats. Their sizes ranged from 1 to 10 mm ( Fig 1 ) . Gene transfer efficiency and cancer selectivity were studied in the rats in which HCC formation took place. There are reports that HCC induced by DENA and phenobarbital in rats is hypervascular and is fed by a tumor-specific artery. 19, 20 The animal protocol described in this study was approved by the Laboratory Animal Facilities of the Jikei University School of Medicine and performed in accordance with the National Institutes of Health Guidelines.
Gene transfer to HCC of rat models in vivo
The rats with HCC induced by DENA and phenobarbital were anesthesized with pentobarbital (Nembutal; Abbott Laboratories, North Chicago, USA ) . After clamping gastroduodenal artery ( Fig 2 ) , either 5.0Â10 7 pfu /250 L of AxCALacZ (Fig 3A ) ( n= 15 ) or 5.0Â10 7 pfu /100 L of AxCALacZ with 150 L of iodized oil esters (Fig 3B ) ( n= 9 ) was injected through the hepatic artery 25 into the liver using 30-gauge needles and 1 -mL syringes (Fig 2 ) . In injection of AxCALacZ together with iodized oil esters, AxCALacZ was put in the rear of iodized oil esters into the syringe for contact with tumor cells following esters ( Fig  3B ) . After injection, hepatic artery was pressed for stop bleeding. Two days after the injection, the animals were sacrificed. The liver specimens were obtained from different regions including tumor and nontumor areas. The specimens were placed in OCT compound (Tissue-Tek; Sakura Finetechnical, Tokyo, Japan ) and frozen in liquid nitrogen. One section of 8 m thickness was made from each specimen and fixed in 0.25% glutaraldehyde buffered in phosphate -buffered saline ( PBS ) pH 7.0 for 10 minutes at 48C. After fixation, specimens were incubated in X -gal ( 5-brom -4-chlor-3-indolyl --D -galacto -pyranosid ) staining solution (2 mM MgCl 2 , 4 mM K 3 FeCN, 4 mM K 4 FeCN and 0.4 mg /mL X -gal in PBS pH 7.0 ) 26 for 12 hours at 378C and stained with hematoxylin -eosin.
Histological examination using NIH Image
For assessments of gene transfer efficiency and cancer selectivity by arterial injection of AxCALacZ either with iodized oil esters or without, we examined the -gal expression, which was detected using NIH Image ( National Institutes of Health, Bethesda, MD, USA ) and X -gal staining as a blue area in tumor and nontumor tissue. In addition to these examinations, we examined -gal expression of small tumors ( < 5 mm ) and large tumors ( > 5 mm ) by both methods. The percentage of blue area in the tumor (tumor percent blue area ) is presented as the blue area in the tumor tissue divided by the whole area of the tumor tissue. The percentage of blue area in the nontumor ( nontumor percent blue area ) is presented as the blue area in the nontumor tissue divided by the whole area of the nontumor tissue. We examined the tumor percent blue area for assessment of the gene transfer efficiency, and nontumor percent blue area for the assessment of cancer selectivity.
Statistics
Nonparametric Mann -Whitney U test was used for statistical studies. All P values were considered statistically significant when the associated probability was less than .05. These analyses were made using the Stat View computer program for Macintosh.
RESULTS
Assessments of gene transfer efficiency and cancer selectivity by AxCALacZ to HCC in vivo
We injected AxCALacZ, either with iodized oil esters or without, through the hepatic artery so as to reach the tumors of rats with HCC, and examined the -gal expression in both tumor and nontumor tissues. X -gal staining enabled detection of -gal expression as blue areas. In livers injected with AxCALacZ through the hepatic artery, a little -gal expression was detected throughout in small tumors ( Fig  4A ) and little in large tumors ( Fig 4B ) , and larger areas were found in the surrounding nontumor tissue ( Fig 4A ) . Whereas in those rats that received AxCALacZ with iodized oil esters through the hepatic artery, high -gal expression was detected in the whole of the tumor, which are not only small tumors ( Fig 4C ) but also large tumors ( Fig 4D ) , little -gal expression was found in the surrounding nontumor tissue ( Fig 4C and D ) . These findings suggest that arterial injection of adenovirus vector with iodized oil esters can efficiently and cancer-selectively deliver a gene to small and large HCC tumors.
Histological examination using NIH Image in vivo
For assessments of the gene transfer efficiency and cancer selectivity of arterial injection of AxCALacZ together with iodized oil esters, we measured -gal expression in tumor and nontumor tissues using NIH Image, and compared the results of the two types of treatment. First, we assessed the efficiency of gene transfer to tumor cells by the two types of treatment. In livers injected with AxCALacZ through the hepatic artery ( n=35), -gal expression was detected in 10.0 ± 2.0% (mean ±SEM ) of the tumor tissue, whereas in those with AxCALacZ and iodized oil esters ( n=15), 36.7 ± 5.0% (mean ± SEM ) of the tumor tissue expressedgal ( Fig 5A ) . Thus, HCC treated by injection of AxCALacZ with iodized oil esters through the hepatic artery expressed -gal in a greater area of each tumor than when AxCALacZ without esters was injected (P < .0001 ) . In -gal expressions of small tumors ( <5 mm ), AxCALacZ with iodized oil esters group ( n =9 ) ( 37.4 ±6.0% mean ± SEM ) was greater than AxCALacZ group (n =15 ) (14.0 ± 3.6% mean ± SEM ) ( Fig 5B ) , and in large tumors ( > 5 mm ) , AxCALacZ with iodized oil esters group (n =6) ( 35.6 ±9.3% mean ± SEM ) was greater than AxCALacZ group (n =20 ) (7.0 ± 1.9% mean ± SEM ) (Fig 5C ) . Then, we assessed cancer selectivity by both types of treatment. In livers injected with AxCALacZ through the hepatic artery, -gal expression was detected in 14.4 ±2.3% (mean ± SEM ) of the nontumor tissue, whereas in those with AxCALacZ and iodized oil esters, -gal expression in the nontumor tissue was 5.7± 1.3% ( mean ± SEM ) (Fig 5D ) . In livers injected with AxCALacZ and iodized oil esters through the hepatic artery, -gal expression was more cancer-selective than in those into which AxCALacZ without esters was injected (P=.0229) . These results suggest that this method of intra -arterial injection of adenovirus vector and iodized oil esters can increase the efficiency and cancer selectivity of gene transfer to small and large HCC tumors.
DISCUSSION
In gene therapy for cancer, efficient and selective gene transfer to cancer cells and prevention of gene transfer to other tissues are both essential. This is especially true in the case of HCC because almost all HCC patients have viral hepatitis or liver cirrhosis as a complication and their liver function has deteriorated, so that prevention of gene transfer to the surrounding nontumor tissue is necessary. Therefore, in gene therapy for HCC, cancer-selective gene transfer is particularly essential. In an in vivo animal study, it was reported that arterial injection of adenovirus vector could cancer-selectively deliver a gene to small HCC tumors in a rat model, 3 -4,13 but not to large tumors. In TAE for HCC, the iodized oil esters remain together with the anticancer agent in the neovascular space of the tumor for a longer time than in the normal vessels because of their viscosities, surface tension and the physical size of their molecules, and increase the efficiency and cancer selectivity of the anticancer agent. 6 -8 We therefore supposed that this property of iodized oil esters might facilitate efficient and cancer-selective gene transfer to HCC using adenovirus vector. Then, we investigated the gene transfer efficiency and cancer selectivity of the arterial injection of adenovirus vector with iodized oil esters using a rat model of HCC in vivo. In this study, efficient and cancer-selective gene transfer to HCC, which is not only small tumor but also large tumor, is achieved by arterial injection of adenovirus vector together with iodized oil esters in vivo (Figs 4 and 5) . Adenovirus vector infects target cells in two ways: by virus vector attachment to cells and by internalization. 27 We think that because it remains in the neovascular space in the tumor together with iodized oil esters and is attached for a longer period to the target cells, adenovirus vector injected with the esters through the hepatic artery offers efficient cancer-selective gene transfer to HCC.
In this study, the method of arterial injection of adenovirus vector, together with iodized oil esters, resulted in efficient cancer-selective gene transfer to a rat model of HCC in vivo. In gene therapy for human HCC, because injections can be made selectively into the tumor-feeding artery, the genes can be more cancer-selectively delivered. This method, which has these effects using the usual agents, is a feasible and 
